ABSTRACT: Adhesion of cancer cells to endothelial cells is a key step in cancer metastasis, therefore identifying the key molecules involved during this process promises to help blocking the metastatic cascade. We have previously shown that InterCellular Adhesion Molecule-1 (ICAM-1) expressed by endothelial cells is involved in the interactions of bladder cancer cells (BCs) with the endothelium. However the ICAM-1 ligands have never been investigated. In this study, we combined adhesion assays and Atomic Force Microscopy (AFM) to identify the ligands involved and to quantify the forces relevant in such interactions. We report the expression of MUC1 and CD43 on BCs and demonstrate that these ligands interact with ICAM-1 to mediate cancer cell-endothelial cell adhesion in the case of the more invasive BCs. This is achieved thanks to adhesion assays, showing a strong decrease in BCs attachment to the endothelial cells, when blocking MUC1 and CD43 using antibodies. In addition, AFM measurements show a similar decrease up to 70% in the number of rupture events when blocking MUC1 and CD43. When applying a Gaussian Mixture Model to the AFM data, a distinct force range is reported for receptor-ligand bonds, allowing us to identify precisely the interactions of ICAM-1 with MUC1 or CD43. Furthermore, a detailed analysis of the rupture events suggests that CD43 is strongly connected to the cytoskeleton and that its interaction with ICAM-1 mainly corresponds to force ramps followed by sudden jumps. On the contrary, MUC1 seems to be weakly connected to the cytoskeleton as its interactions with ICAM-1 are mainly associated with the formation of tethers. This analysis is quite promising and may also be applied to other types of cancer cells.
Introduction
Cancer metastasis is the primary cause for 90% of cancer-associated mortality. The malignancy of cancer strongly depends upon the ability of primary tumors to metastasize to distant organs (1, 2) . During metastasis, cancer cells manage to escape from primary tumors and penetrate into the blood flow (intravasation). Cancer cells that are carried in the blood flow can interact with the endothelium lining the walls of blood vessels, adhere and migrate (extravasation) through the endothelium to form secondary tumors. Cancer cells and leukocytes follow similar mechanisms during the extravasation process: 1) rolling of cells on the endothelium, 2) adhesion of cells to the endothelium, and 3) spreading and transmigration of cells through the endothelium (3) (4) (5) . The adhesion and migration of leukocytes through the endothelium have been studied in details during inflammation (3, 6) , but few results are available regarding the role of the key molecules involved in the adhesion and transmigration of cancer cells (6) (7) (8) (9) (10) (11) .
The adhesion of cancer cells or leukocytes to endothelial cells (ECs) is an important step of the extravasation process and is mediated by several cell adhesion molecules (CAMs) like β1 integrins (12) , Vascular Cell Adhesion Molecule-1 (VCAM-1) (13), L-selectin (14) and Intercellular Adhesion Molecule-1 (ICAM-1) (6, 7, 15, 16) . We already showed that ICAM-1 expressed by ECs is involved in the adhesion of bladder cancer cells (BCs) (6) . ICAM-1 (CD54) is a cell surface glycoprotein consisting of five extracellular immunoglobulin-like domains (17) . ICAM-1 is expressed on various cells including ECs, leukocytes, B-cells, T-cells, fibroblasts and some cancer cells and its expression can be upregulated by cytokines like TNF-α (6, 18) . Leukocytes express LFA-1 and Mac-1 (β2 integrins), which are well known ligands for ICAM-1. Cancer cells lack the expression of β2 integrins, but neutrophils can act as a bridge between cancer cells and ECs to help in the adhesion process (3) . In addition, MUC1 (19) and CD43 (20) expressed by some cancer cells have been identified as ligands for ICAM-1. MUC1 (CD227) is a transmembrane glycoprotein usually expressed on the apical surface of secretory epithelia. It is over-expressed and underglycosylated in several common cancers including breast, lung, colon, ovary, bladder and hence, is used as a tumor marker (21) . The extracellular domain of MUC1 mainly consists of 25-150 tandem repeats (TRs) of the same 20 amino acid sequences (22) and these TRs have been shown to recognize and bind to domain I of ICAM-1 (23) . CD43 (Leukosialin) is a transmembrane sialoglycoprotein normally expressed on the surface of T lymphocytes, monocytes, neutrophils, platelets and some B lymphocytes. CD43 is also expressed by a variety of cancer cell lines and tumor tissues. It is undetected in normal tissues and for this reason is used as a marker for tumor detection (24, 25) . The ligands involved in the adhesion of BCs to ECs are not yet as clearly identified but CD43 and MUC1 are good candidates that could be involved in mediating the adhesion via ICAM-1. Furthermore quantitative analysis of the forces involved in these interactions can help understand how cancer cells regulate their adhesion.
In recent years, single-cell force spectroscopy (SCFS) using Atomic Force Microscopy (AFM) (6, 17, 18, (26) (27) (28) has been applied for studying adhesive interactions of cells with other cells, proteins, or functionalized surfaces. In particular, AFM is a powerful tool to identify and quantify receptor-ligand interactions (17, (28) (29) (30) (31) (32) . Here we used SCFS to unravel the key molecules involved in the adhesion of BCs to ECs. Therefore we combined adhesion assays and SCFS to characterize cancer cell-endothelial cell adhesion both qualitatively and quantitatively. We report the expression of MUC1 and CD43 in BCs of different invasiveness (RT112, T24 and J82). When blocking ICAM-1, CD43 or MUC1 with specific mAbs, adhesion of BCs to ECs was largely decreased for invasive cells such as T24 and J82, showing that these interactions are essential for invasive cells, while less invasive ones might interact through different receptors. Through SCFS measurements we identified different force ranges for the interactions of MUC1 and CD43 with ICAM-1. To our knowledge, this is the first report on the force range corresponding to the interaction of MUC1 or CD43 with ICAM-1, with values of 43-53 pN, which compare well with the ones previously reported for the interaction of LFA-1 with ICAM-1 (17, 33) . Finally a detailed analysis of rupture events showed that MUC1 interacts with ICAM-1 mainly through tethers, whereas CD43 interacts with ICAM-1 mainly through jumps, this being related to a better attachment to the cytoskeleton in the latter case. Taken altogether, these results give an additional understanding of the process of metastasis, when cancer cells bind to the endothelium through interactions between endothelial ICAM-1 and cancer cell ligands.
Materials and Methods

Cell lines and cell culture
Three human BCs (RT112/G2 grade, T24/G3 grade and J82/G3 grade) (ATCC, Rockville, MD) were cultured in RPMI 1640 medium (Gibco, Saint Aubin, France) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin mix (complete RPMI medium). The grade of BCs was defined based on the morphological and pathological characteristics of the original tumor and represent progression from well to poorly differentiated phenotypes arising from superficial to invasive epithelial human bladder cancer (34, 35) . BCs were stably transfected with a plasmid expressing lifeact-GFP to stain F-actin and these GFP transfected cells were used for AFM experiments. Human Vascular Umbilical Endothelial Cells (HUVECs) were purchased from Promocell (Heidelberg, Germany). HUVECs (ECs) were grown on culture dishes coated with 100 µg/ml collagen I (BD Bioscience, Le Pont de Claix, France) in complete endothelial growth medium (endothelial basal medium mixed with supplements) from Promocell. HUVECs subcultures from passage 2-6 were selected for our experiments. Cultures were grown at 37°C in a 5% CO 2 humidified atmosphere.
Flow cytometry
BCs grown on tissue culture flask were detached using a cell dissociation solution (Sigma-Aldrich, Lyon, France). The cell suspension was incubated with primary antibodies (10 µg/ml) in ice for 45 min. Mouse anti-human MUC1 monoclonal antibody (mAb) clone E29 (DAKO, Glostrup, Denmark), mouse anti-human CD43 mAb clone L10 (Invitrogen, Saint Aubin, France) and mouse immunoglobulin (IgG) (Vector Laboratories, CA, USA) were used as primary antibodies in this study. The cells were then incubated with goat anti-mouse IgG Alexa-488 (Life Technologies, Saint Aubin, France) secondary antibody in ice for 30 min. Expression levels of MUC1 and CD43 were measured using Accuri C6 flow cytometer (BD Bio-sciences, USA) and analyzed using the software provided with the flow cytometer. Both antibodies (E29 and L10) recognize an extracellular domain of the MUC1 and CD43 respectively (23, 24) . It has been reported that these antibodies can block MUC1 and CD43 and inhibit partially the adhesion (23, 36) .
Bladder cancer cell-endothelial cell adhesion assay
ECs (2x10 4 ) were seeded in 48 well plates (Nunc, Saint Aubin, France) coated with 100 µg/ml collagen I and grown to confluence for 3 days. BCs were labeled with calcein (Life Technologies, Saint Aubin, France) for 30 min at 37°C. 2x10 5 labeled BCs were added per well and incubated for 30 min at 37°C. After testing different contact times, this incubation time of 30 min was found to give an optimal number of adherent cells (data not shown). Non-adherent BCs were removed by gentle washing with complete RPMI medium. The remaining adherent cells were then lysed with detergent (10% SDS) and the fluorescence signal was quantified using Victor3 multilabel counter (Perkin Elmer, Waltham, MD). For blocking experiments, ICAM-1 on ECs and MUC1 or CD43 on BCs were blocked with specific antibodies (20 µg/ml) for 15 min at 37°C prior to the addition of cancer cells. The percentage of adhesion was calculated as: % Adhesion = 100* fluorescence of adhered cells/ Total fluorescence Total fluorescence corresponds to the fluorescence of added cells (2x10 5 ) and fluorescence of adhered cells corresponds to the fluorescence value obtained after washing of the non adherent cells (36) .
Atomic force microscopy
AFM experiments were performed using a Nanowizard II AFM (JPK Instruments, Berlin, Germany) mounted on a Zeiss microscope (Carl Zeiss, Jena, Germany). This configuration allows carrying out AFM measurements and simultaneously observing the cells using phase contrast or fluorescence modes. Long range force measurements involving cell-cell interactions were performed using the CellHesion module (JPK Instruments, Berlin, Germany) which enables vertical movement of the sample holder up to 100 µm thanks to the piezo-driven movement. In addition, the objective was mounted on a vertical piezo-translator (PIFOC, Physik Instrumente, Karlsruhe, Germany) to move the objective concurrently with the microscope stage and focus on the cells during AFM measurements. All the AFM measurements were carried out at 37±0.1°C using the Petri Dish Heater (JPK Instruments, Berlin, Germany). For AFM experiments, complete endothelial growth medium was supplemented with 20 mM Hepes at pH 7.4 (SigmaAldrich, Lyon, France).
Preparation of cantilever and substrates
V-shaped, 300 µm long tipless gold coated silicon nitride cantilevers with a nominal spring constant around 0.01 N/m (MLCT-O, Bruker, France) were used for force measurements. The AFM cantilever was soaked in acetone for 5 min, UV-irradiated for 15 min and incubated in 0.5 mg/ml biotin-BSA (Interchim, Montluçon, France) overnight at 37°C. The cantilever was then rinsed with PBS and incubated in 0.5 mg/ml streptavidin (Interchim, Montluçon, France) for 10 min at room temperature. Finally, the cantilever was rinsed with PBS and incubated in 0.5 mg/ml biotin-ConA (Interchim, Montluçon, France) for 10 min and then rinsed with PBS as already described (6) . This protocol mediates the binding of the cancer cell to the cantilever with a force greater than the ones measured for the interactions between cancer cells and HUVECs (33) . The sensitivity of the cantilever was determined prior to each experiment by making contact with the glass coverslip and the spring constant was obtained using the thermal noise method following a previously described protocol (37) . This was carried out on the same glass coverslip used for force measurements.
HUVECs substrate: For AFM experiments, HUVECs were grown on 35 mm diameter Petri dishes (TPP Petri dishes, Thermofisher Scientific, Villebon-sur-Yvette, France) modified as follows: a 30 mm diameter glass coverslip was glued using UV curable (Norland #61) after drilling a 26 mm hole at the bottom. The coverslip was cleaned with alcohol, dried with N 2 and then treated with fibronectin (10 µg/ml). HUVECs were seeded on these dishes and cultured for 3 days at 37°C, 5% CO 2 to achieve confluence. Prior to use, they were replaced with endothelial basal medium (without supplements) containing 20 mM Hepes pH 7.4. The substrates (HUVECs, rICAM-1 or bovine serum albumin (BSA)) were used in basal medium without supplements during the attachment of cancer cells to the cantilever, as the proteins present in the supplements can bind to ConA and prevent the attachment of the cancer cell to the cantilever. Recombinant ICAM-1 substrate: To prepare recombinant ICAM-1 (rICAM-1) immobilized substrate, 20 µl of monomeric rICAM-1 (RD Systems, Lille, France) (25 µg/ml) in 0.1 M NaHCO 3 was incubated overnight at 4°C in the Petri dish. Unbound proteins were removed by washing with PBS and then the exposed surface was blocked using 100 µg/ml of BSA in PBS (Sigma-Aldrich, Lyon, France). Finally, BSA was replaced by RPMI 1640 medium without serum and used for further steps. BSA substrate: For the BSA immobilized substrate, 20 µl of BSA at 100 µg/ml in PBS was allowed to adsorb for 30 min at 37°C in the Petri dish. Unbound proteins were removed by washing with PBS, and RPMI medium without serum was added to the BSA coated dish. The different substrates are sketched in Fig. 1A .
Single cell force spectroscopy (SCFS)
SCFS measurements were performed by attaching a cancer cell to the cantilever, followed by an approach-retraction cycle. J82 cells were detached from the culture dish just before the AFM experiment using Trypsin/EDTA (Sigma-Aldrich, Lyon, France), as EDTA alone was not able to detach efficiently the strongly adhering J82 cells. It has been shown that cells detached by EDTA alone recover faster their mechanical and adhesive properties (38) than cells detached using trypsin alone, but the latter study also demonstrated that rupture force values (jumps and tethers) do not depend on recovery time. The detached cells were suspended in complete RPMI medium and centrifuged at 1200 rpm for 5 min at 4°C. Finally, the cells were resuspended in RPMI medium without serum. J82 cells were injected approximately 20-30 min after trypsinization into the Petri dish containing a monolayer of HUVECs and allowed to settle. The ConA functionalized cantilever tip was placed above a cancer cell (cancer cells are fluorescent and they can be distinguished from HUVECs) and then the substrate was moved to touch the cell with a force of 1 nN for ten seconds. The substrate was retracted slowly and the cantilever with the captured cell was allowed to establish firm adhesion for 10-15 min in the culture medium ( Fig. 1C-inset) . Next, 1.5 ml of complete endothelial growth medium was added and the force measurements were performed as shown in Fig. 1B .
After attachment of a cancer cell, the cantilever was set above the nucleus of a HUVEC (Fig. 1C ) and the substrate was moved at a speed of 5 µm/s. This position above the nucleus is a convenient location when using a cantilever with a cancer cell attached to it, and it is known that ICAM-1 is expressed all over the cells. During contact, a compression force of 500 pN was applied for 10 s in constant force mode and the substrate was then retracted with a speed of 5 µm/s. The influence of different compression forces (500 pN, 1 nN and 2 nN) has been studied while keeping all the other parameters constant. The results (data not shown) indicated that the mean rupture force (i.e. the mean value of 10 events per force curve) did not change (while the number of rupture events increased) with compression force, as previously reported (33, 39) . A contact time of 10 s was selected in order to obtain sufficient rupture events (at least 10 with the control experiment). The force measurements were performed in open loop mode with an acquisition frequency of 2048 Hz and a pulling distance of 70 µm. The open loop mode works better in our conditions as we do not need extremely high accuracy on the height. The drift over time was found to be 0.01 pN/µm, which is considered small enough not to have any effects on the measurements. A force-distance curve (F-d) was obtained for each approach and retraction cycle (Fig. 1B) . Typically, with a single cancer cell attached to the cantilever about 30 (F-d) curves were acquired on 30 different HUVECs. The cancer cell was allowed to recover for 1 min between each force curve and 5 min between sets of 6 force curves. We used a recovery time greater than the contact time which is commonly used by many authors (26, 29) . To block specific interactions involving cancer cells and HUVECs, cancer cells were incubated with antibodies specific for MUC1 or CD43 or MUC1+CD43 at 25 µg/ml for 15 min, prior to cell capture.
Figure 1. Interactions between cancer cells and ECs using SCFS. (A) Sketch of different substrates (rICAM-1, BSA, HUVEC) used for SCFS experiments. (B,D)
Sketch of the approach-retraction method and typical retraction force curve in terms of the piezo displacement. The HUVEC monolayer approaches the cancer cell at constant velocity (5 µm/s). Then the HUVECs come into contact with the cancer cell during 10 s (under 500 pN applied force) to create several bond complexes within the adhesion area. The HUVEC substrate is then retracted at constant velocity in order to detach the adhesive bonds. The retraction curve shows force jumps and tethers corresponding to bond rupture forces. The adhesive energy (shaded area) represents the detachment work to completely unbind the cell from the substrate. The detachment force is the force necessary to stretch the cancer cell and the HUVEC until bonds start to detach. Note that some force jumps can follow a plateau corresponding to tether formation (see discussion later). (C) Picture of an AFM cantilever with an attached cancer cell above the HUVEC monolayer. Inset: fluorescent image of a fluorescent cancer cell attached to the cantilever. Scale bar = 20 µm.
The retraction curve is characterized by the force required to separate the cancer cell from the HUVEC, referred to as the detachment force (Fig. 1D) . The detachment force is related to the elasticity of cells and the adhesion between them. The force jumps (or rupture events) in the force curve correspond to the breakup of bonds involved during cell-cell interaction (Fig. 1D) . A typical force jump usually occurs at a constant loading rate (pN/s) ending with bond rupture. Sometimes, the force jump follows a force plateau (loading rate close to 0), indicating the formation of membrane tethers. The retraction curve also provides information about the adhesion energy which is the work required to detach the cancer cell. It is equal to the area under the retraction curve. This includes the work necessary to stretch the cells as well as the work to break the molecular bonds (Fig. 1D ). All these parameters (detachment force, rupture force, adhesion energy) are obtained from the force curve using the built-in software (JPK Instruments, Berlin, Germany) and the rupture events are identified using the protocol described in Kressmakers et al. (40) .
Latrunculin-A treatment
rICAM-1 substrates were prepared and J82 cells were attached to a functionalized cantilever as described before. Then, 1.5 ml of complete RPMI medium with Latrunculin-A (Lat-A, Sigma-Aldrich, USA) was added into the Petri dish to reach a final concentration of 0.2 µM. The cantilever with an attached J82 cell was rested for 15 min allowing Lat-A to disturb the actin cytoskeleton. For these experiments, the parameters used for AFM have been modified, with a compression force of 2 nN instead of 500 pN, in order to obtain enough rupture events. Both Lat-A experiments and control experiments were performed using these parameters. Constant height and closed loop modes were used, in order to compensate for cell deformation when applying Lat-A.
Data Analysis
Considering that our data are comprised of rupture forces coming from different receptorligand interactions, a multi-component mixture model is necessary to separate the contributions of the different receptors. In order to identify and separate the different sub-populations from the overall histograms, we used a Gaussian Mixture Model (GMM) analysis. In our study we used tri-modal GMM for HUVECs/J82-control and bi-modal GMM for data obtained while blocking MUC1 or CD43 to analyze the contributions of the different receptors. We used the built-in function "fitgmdist" from Matlab to identify the sub-populations from our data. This function uses maximum likelihood estimations to find the parameters fitting best our experimental data and provides us with the overall probability density function and subcomponents of each distribution.
All the data for adhesion assays were generated by at least three independent experiments performed in triplicates. The data are reported as mean with standard error of the mean (SEM) as error bar. The significance of the data was calculated with one-way ANOVA using GraphPad Prism (GraphPad Software Inc, San Diego, CA, USA). For each set of conditions, at least three independent AFM experiments were performed on three different days (Overall, three cancer cells and 80-90 HUVECs). The data are reported as mean ± SEM. Statistical analysis for AFM data were performed using Generalized Linear Mixed Model (GLMM) in the R software (2.14 release). With one cancer cell attached to the cantilever around 30 (F-d) curves were performed on 30 different ECs. The data obtained from F-d curves were independent in terms of ECs and dependent in terms of cancer cells. The AFM experiments performed were neither completely independent nor dependent, so to account for the heterogeneous data in every AFM experiments, we used a GLMM. Differences between the parameters calculated on untreated, blocking MUC1 or CD43 or both were tested by the mixed function of the "apex" package in the R software.
Results
Expression of MUC1 and CD43 by bladder cancer cells
BCs (RT112, T24 and J82) were analyzed for the expression of MUC1 and CD43 by flow cytometry using MUC1 mAb E29 and CD43 mAb L10. The scatter plot obtained for MUC1 expression on J82 BCs as compared to the control is shown on Fig. S1 in the Supporting Material. Control IgG was used to detect the background level (Fig. 2 : Black curves) in the measurements. As shown in Fig. 2, MUC1 and CD43 (red curves) were expressed by these cell lines at different levels. A weak expression of MUC1 and CD43 was observed on RT112 ( Fig.  2A,B) and T24 (Fig. 2C,D) , while J82 showed a good expression of MUC1 and CD43 (Fig.  2E,F) as compared to the other cell lines. 
MUC1 and CD43 mediate bladder cancer cell-endothelial cell adhesion
As demonstrated above, BCs express MUC1 and CD43, which are ligands for ICAM-1 (19, 20) . To verify if this expression mediates the adhesion of BCs to ECs via interaction with ICAM-1, adhesion assays were performed. Monoclonal antibodies were used to inhibit ICAM-1 expressed on ECs and MUC1 or CD43 expressed on BCs (RT112, T24 and J82) prior to the adhesion assay. The percentage of adhesion after blocking ICAM-1 on ECs and MUC1 or CD43 or MUC1+CD43 on BCs was calculated and compared to the adhesion obtained using a control antibody (mouse IgG). The percentage of cells adhered in control versus the total number of cells added were 75%, 55%, 66% respectively for RT112, T24 and J82. We normalized the control to 100% and calculated the inhibition when blocking receptors on different cell lines. Blocking ICAM-1 on ECs showed ~36% decrease in adhesion for T24, J82 (Fig. 3B,C) and ~18% decrease in adhesion for RT112 (Fig. 3A) . Likewise, blocking MUC1 or CD43 on T24 and J82 showed ~50% decrease in adhesion (Fig. 3B,C) and RT112 showed ~25% decrease in adhesion (Fig. 3A) . Blocking both (MUC1+CD43) induced an additional decrease in adhesion compared to blocking them separately in all three BCs (Fig. 3A-C) . The decrease in adhesion when blocking ICAM-1 or MUC1 or CD43 was 50% less in RT112 as compared to T24 and J82. These results indicate that bladder cancer cell-endothelial cell adhesion is mainly mediated by the interactions of MUC1 and CD43 with endothelial ICAM-1 for invasive cells (T24 and J82). In contrast, RT112 adhesion on ECs is less dependent on ICAM-1. 
Effect of blocking MUC1 and CD43 measured by SCFS
To measure the adhesion forces involved in bladder cancer cell-endothelial cell adhesion, we performed SCFS. J82 cells were used for our AFM experiments, because they express a higher level of MUC1 and CD43 as compared to two other cell lines (see Fig. 2 ). Initially, the interactions that are not mediated through ICAM-1 (nonspecific interactions, or mediated by other receptor-ligand interactions, thereafter called nonspecific interactions) were quantified using BSA. A single J82 cell was attached to the functionalized tipless cantilever and put in contact with BSA on the substrate and then was retracted. Force curves were analyzed to identify and measure the forces corresponding to the rupture events. The rupture forces obtained from the force curves are represented on a histogram with a bin size of 2 pN. The best bin size to fit our data was selected using the Freedom-Diaconis rule (41,42) using the R software. The rupture force histogram (Fig. 4D) revealed that the nonspecific interactions were mediated by a range of rupture forces <30 pN. Then, AFM experiments were performed using a HUVEC monolayer as the substrate and a J82 cell attached to the cantilever. Force curves were analyzed and the rupture force histogram for non-treated cells (control) was obtained. Similarly AFM measurements were performed by attaching a J82 cell blocked with antibodies specific for MUC1 or CD43 or MUC1+CD43 and the rupture force histograms for anti-MUC1, anti-CD43 and anti-MUC1+anti-CD43 were obtained. The effect of blocking the receptors (MUC1, CD43 or both) involved in the interaction was quantified by comparing their force distribution to control. While blocking MUC1, the force histogram showed a significant decrease in the number of larger rupture force events as compared to the control (Fig. 4A ). This decrease in rupture events was quantified by considering the rupture events above (>36 pN) since the events <36 pN were found unresponsive when blocking MUC1 or CD43 (Table S1 ). The number of force curves performed under each condition is represented by N and n represents the number of rupture events (>36 pN) obtained from the force curves (Table 1) . Analysis of the total number of rupture events showed that J82 control (4.8 events per curve) had almost 2.7 times more events than after blocking MUC1 (1.8 events per curve). The inhibition in adhesion due to the blocking of MUC1 was quantified as ~64% (Table 1) . Likewise, blocking CD43 (2.8 events per curve) showed 1.7 times less events as compared to control (Fig. 4B ) with ~42% normalized inhibition ( Table 1 ). Blocking MUC1+CD43 (1.3 events per curve) showed 3.6 times less events as compared to the control (Fig. 4C) with an inhibition increased to ~72% ( Table 1 . Analysis of rupture force distribution. The % inhibition in number of rupture events while blocking different receptors involved in the interaction was quantified by comparing to control for both HUVECs and rICAM-1 as the substrate. N represents the number of force curves, n is the total number of rupture events >36pN for HUVECs as substrate or >30 pN when using rICAM-1 as substrate, and M represents the mean rupture events per curve. % inhibition by blocking the specific receptor was quantified using the formula [1-(M Ab /M cont )]*100. M Ab represents the mean number of rupture events obtained while blocking MUC1, CD43 and MUC1+CD43 using specific antibodies and M cont represents the mean number of rupture events for control.
ICAM-1 mediates the interaction of J82 cell with HUVECs
To study the interactions of ICAM-1 alone with BCs ligands (MUC1 and CD43), we used rICAM-1 protein coated substrate instead of a HUVEC monolayer. SCFS experiments were performed with a J82 cell attached to the cantilever and rICAM-1 adsorbed on the substrate. Force histograms obtained while blocking MUC1 or CD43 or MUC1+CD43 were compared to the control (Fig. S2 ) and the inhibition was quantified (Table 1) , by considering the rupture events >30 pN, since the events <30 pN were found unresponsive when blocking MUC1 and CD43 (Table S1 ). Blocking MUC1 (1.4 events per curve), CD43 (1.5 events per curve) as compared to the control (2.8 events per curve) showed an inhibition of ~49% and ~44% respectively (Table 1) . Blocking both MUC1 and CD43 (0.9 events per curve) showed an increase in the normalized inhibition up to ~68% ( Table 1 ). The inhibition obtained by blocking MUC1 or CD43 or MUC1+CD43 were found similar to the one obtained using rICAM-1 and HUVEC monolayer as the substrate. These results suggest that under these conditions the interaction of J82 cancer cells to ECs is mainly mediated by ICAM-1 expressed on ECs, in agreement with the results obtained from adhesion assays and our previous work (6) .
Force range involved by MUC1 and CD43 during their interaction with ICAM-1
Given the strong inhibition obtained by blocking both MUC1 and CD43, we can consider that the rupture forces obtained are mainly due to the interaction between ICAM-1 (on ECs) and MUC1 and CD43 (on BCs), hence we are expecting 3 main peaks corresponding to 1) nonspecific interaction and other receptor-ligand interactions, 2) interaction of ICAM-1 with CD43 and 3) interaction of ICAM-1 with MUC1. To investigate the force ranges corresponding to MUC1 and CD43 during their interaction with ICAM-1, our data was analyzed using a GMM function. A common approach is based on qualitative assessment and fitting the force histogram by changing the number of Gaussians to observe which model fits best our data (43, 44) . Fig. S3 showed that the fit obtained using three Gaussians (adjusted R-square 0.981) represents our data better than two Gaussians (adjusted R-square 0.974) on the HUVECs/J82 interaction force histogram. These findings from qualitative analysis also go along with our initial assumptions that the force histogram obtained in the control is likely to have three sub-populations. First, tri-modal GMM function was used in our control (HUVECs/J82 cell) to identify three Gaussian peaks. The GMM analysis showed the overall probability distribution (red) and three distinctive peaks (Fig. 5A) with mean rupture forces of ~31 pN, ~41 pN and ~50 pN (Table 2 ). Specific force ranges corresponding to MUC1 and CD43 interactions were obtained by analyzing the force histogram obtained while blocking MUC1 or CD43. When blocking MUC1, we considered that most of the specific interactions involving MUC1 were suppressed, so the data were analyzed with bi-modal GMM to identify 2 Gaussian peaks (Fig. 5B) . The results showed a first peak (green) with a mean rupture force of ~29 pN corresponding to nonspecific interaction and a second peak (black) with a mean rupture force of ~43 pN corresponding to the interaction of ICAM-1 with CD43 (Table 2) . Similarly, considering that most of the specific interactions involving CD43 were suppressed while blocking CD43, the data was analyzed to identify 2 Gaussian peaks (Fig. 5C ). This result also showed a first peak (green) due to nonspecific interaction at ~31 pN and a second peak (blue) with a mean rupture force of ~53 pN corresponding to the interaction of ICAM-1 with MUC1 (Table 2 ). This GMM analysis demonstrates that ICAM-1 interacts with MUC1 and CD43 with distinct force ranges. Table 2 . Force range obtained from the GMM analysis of SCFS data for the interaction of BCs with ECs. GMM analysis revealed that the interaction of CD43 is mediated by a mean rupture force of ~43 pN and the interaction of MUC1 is mediated by a mean rupture force of ~53 pN. Colors indicated for peak 1, 2 and 3 refer to colors used in Fig 5. 
Attachment to the cytoskeleton is different for MUC1 or CD43
Jumps and tethers observed in the force curves can provide information on whether the receptor is connected to the cytoskeleton or not. Therefore, the number of jumps and tethers within the force curve was determined under the different conditions. The rupture events followed by the force plateau with a distance higher than 2 µm were considered as tethers in our analysis (45, 46) . To obtain comparable numbers for different conditions, the number of jumps or tethers per curve was obtained by dividing the total number of jumps or tethers (>36 pN) by the number of curves for each condition.
The data obtained from HUVEC/J82 are shown in Fig. 6 . The analysis of the number of tethers for different conditions revealed some interesting information (Fig. 6A) . When blocking MUC1 and MUC1+CD43, we observed a significant decrease (~64% and ~76%) in the number of tethers. This result suggests that most of the MUC1 mediated interactions might be through tethers. Furthermore, blocking CD43 did not change the number of tethers as compared to the control (Fig. 6A) in agreement with our early inference. These results strongly suggest that MUC1 on cancer cell is weakly connected to the cytoskeleton. Pie charts represent the relative presence of jumps and tethers for the different conditions (Fig. 6B) . The same proportion of jumps were observed when blocking MUC1 (~83%) as compared to the control (~83%) (Fig.  6B) . Conversely, when blocking CD43, the amount of jumps decreased (~70%) indicating that the interaction of CD43 with ICAM-1 may correspond to jumps and that CD43 is closely connected to the cytoskeleton. 
Effect of Lat-A treatment on jumps and tethers
Tethers were separated considering a force plateau >2 µm (as described above) and the mean number of jumps and tethers for control and after Lat-A treatment were obtained by analyzing the rupture events >30 pN (Fig. 7) . Fig. 7A shows a ~63% increase of tethers after Lat-A treatment as compared to the control. The effect on jumps was smaller, with a ~ 34% decrease after Lat-A treatment. This demonstrates that disruption of the actin cytoskeleton by Lat-A effectively increases the occurrence of tethers while decreasing, although to a lesser extent, the number of jumps. The pie chart on Fig. 7B also clearly shows the increased proportion of tethers after Lat-A treatment. A GMM analysis was performed on the data obtained after separating the jumps and tethers and considering the rupture events >30 pN (thereby removing peak 1 corresponding to the nonspecific interactions). The data from control and Lat-A treatment were then fitted with two Gaussians (corresponding to peak 2 and peak 3 in Fig. 5 ) and the relative area obtained for the two peaks is shown in Table 3 . As demonstrated above, peak 2 and peak 3 should mostly correspond to the interaction of CD43 with ICAM-1 and MUC1 with ICAM-1 respectively. Looking at the area of the peaks obtained when considering jumps alone, we observed a decrease in the area of peak 2 and in the ratio after treatment with Lat-A as compared to the control (Table  3 ). This result indicates that the link between CD43 molecules and the actin cytoskeleton was disturbed after Lat-A treatment, leading to a decrease in the number of jumps. By contrast, when analyzing the area of tethers, we did not observe any change in the area of peak 2 and in the ratio after Lat-A treatment as compared to the control ( Table 3 : Area obtained from the GMM analysis of SCFS data. GMM analysis showed that the number of jumps related to the interaction of CD43 with ICAM-1 decreased after Lat-A treatment as compared to the control.
Discussion
The mechanisms and the key molecules involved in the adhesion of leukocytes to the endothelium have been investigated in great details (18, 33, 47, 48) but only a few works are available regarding the adhesion forces and proteins involved in cancer cell-endothelial cell adhesion (11, 45, 49) . Previously, we identified ICAM-1 as a key molecule for bladder cancer cell adhesion to the endothelium (16) and investigated the role of ICAM-1 in bladder cancer cell adhesion using SCFS (6) . These results led us hypothesize that MUC1 and CD43 are possible ligands expressed by BCs to mediate their adhesion with endothelial ICAM-1. In this work, the influence of MUC1 and CD43 in bladder cancer cell-endothelial cell adhesion was characterized in detail using adhesion assays and SCFS.
As a model of endothelial cells, we used HUVECs (derived from the veins of human umbilical cords), even though it is known that metastasis mainly occurs in the microcirculation. We think that this should not be a problem, as we are interested in the adhesion of cells mediated through ICAM-1, which is expressed similarly on all cell types. Three bladder cell lines of different invasivity were used in this study, expressing MUC1 and CD43 at various levels. RT112 and T24 have a weak expression of MUC1. In the present work, we were able to detect a weak expression of MUC1 on RT112 and T24. This is in contrast with our previous results (6) , where no detectable expression was found for these two proteins on both cell lines. This might be due to the fact that in the study presented here, instead of C595, we used E29 mAb, which has been shown to bind to several locations in the multiple repeats domain of MUC1 (50), thus increasing its sensitivity. This hypothesis is supported by the higher MUC1 expression obtained for J82 in the present study as compared to the previously reported expression (6) . The expression of MUC1 is controversial in the literature, with a weak expression observed in T24 at the mRNA level (51) while another study reported no detectable level of MUC1 mRNA in T24 (52) . By cons, J82 cells showed a good expression of MUC1, as observed in previous work (51) . MUC1 expression was also reported in other BCs like KU7, UMUC2, SCaBER, TCCSUP and HT-1367 (51, 52) . The expression of CD43 has not been studied extensively, but some works showed a de novo expression of CD43 in cancer tissues, particularly bladder ones (53, 54) .
It has been already shown that MUC1 mediates the adhesion of breast cancer cells to ECs and increases transendothelial migration (55) , and that CD43 plays a role in tumor-mesothelial cell adhesion via its interaction with ICAM-1 (36) . Our results show that the adhesion of BCs (T24 and J82) on ECs was greatly reduced when blocking ICAM-1, MUC1 or CD43, whereas the adhesion of RT112 to ECs was not much affected by blocking these receptors. The present results indicate that bladder cancer cell-endothelial cell adhesion is mainly mediated through ICAM-1 for invasive cells (T24 and J82) as previously reported using AFM (6) . The inhibition using antibodies against MUC1 and CD43 was not complete (i.e. additive), and this can be explained by the fact that 1) these antibodies are not able to completely inhibit the interactions (as already reported (23, 36) and 2) other interactions not involving ICAM-1-CD43 or ICAM-1-MUC1 interactions might be at play. For example, E-selectin can interact with both MUC1 and CD43 (22, 56) , and integrins have been also shown to play a role in this process (12) . This indicates that the interactions not inhibited by these antibodies can be either background or interactions not involving MUC1 or CD43.
SCFS has been very useful for quantifying the adhesive forces involved between cell-cell and cell-surface interactions (29, 57) . The adhesion forces involved in the interactions of leukocyte ligand (LFA-1) with ICAM-1 were studied in detail using this method (17, 58, 59) . Recent work from our team showed that ICAM-1 expressed on ECs is a key molecule in mediating the adhesion to BCs (6) . In this work, we applied SCFS to unravel the differences in force range originating from the interactions of ICAM-1 with either MUC1 or CD43.
SCFS experiments performed by blocking MUC1 or CD43 on BCs showed a significant decrease in the number of rupture events (Table 1) in agreement with our adhesion assays. When the HUVECs monolayer was replaced with rICAM-1 to specifically study the interactions mediated by ICAM-1 with its cancer cell ligands, the decrease in rupture events after inhibition with the antibodies was found similar to the ones obtained with endothelial cells, clearly indicating that the interactions of J82 cell with ECs were mainly mediated by ICAM-1. By contrast, the mean adhesion energy and mean detachment force showed no significant difference when blocking MUC1 or CD43 or both as compared to the control (Fig. S4) . This might be due to the fact that these two parameters also depend on cell rheology in a complex manner.
By applying a GMM analysis on data from experiments using blocking antibodies against MUC1 or CD43, we were able to discriminate three different force ranges, when BCs interact with ECs. The nonspecific interactions or the interactions not involving ICAM-1 with MUC1 or CD43 can be assigned to a mean rupture force ~30 pN, a value in agreement with the data obtained using BSA coated substrate (which we found to be the best control), the interactions of CD43 and MUC1 with ICAM-1 were found to have a mean rupture force of ~43 pN and ~53 pN respectively. In our previous work (6), the histogram of rupture forces resulting from the interaction of HUVECs and J82 revealed a double Gaussian distribution with mean values of ~42 pN and ~70 pN. When blocking ICAM-1 on ECs, only one major peak centered at ~29 pN remained, a value in close agreement with the 30 pN peak found for "non specific interactions" in the present study (i.e. BSA). On the basis of these results, we propose that CD43 and MUC1 are the two main ligands that interact with ICAM-1 when BCs interact with ECs. The slight difference in peak values can be explained by the use of a higher sampling rate (204.8 Hz in our previous study versus 2048 Hz in this work), leading to an increase in resolution and a better discrimination of very close rupture events like double bonds (60, 61) . In addition, the size of the data analyzed in the present work is a lot larger. The parameters that might affect the mean rupture force such as local loading rate and cooperativity were also investigated. We found that there was no effect of the local loading rate (measured on the (F-d) curve before rupture) on the mean rupture forces (Fig. S5) , and that the cooperativity effects can be neglected, due to the short contact time used in our experiments, as already suggested in previous work (29) .
The force curves obtained by SCFS also revealed two different types of rupture events; the first type, called jump, is characterized by a linear increase of force before rupture (Fig. 1D) , while for the second type, or tether, no force increase appears before the rupture event (i.e. it is a force plateau) (Fig. 1D) . The cytoplasmic domain of MUC1 and CD43 were reported to interact with the actin cytoskeleton through ERM (erzin, radixin and moesin) protein linkers (62, 63) . In accordance with previous studies that consided only the jumps in the force curves to represent the unbinding of adhesive units (29, 61) , we analyzed the relative frequency of these events in our different experiments. The rupture forces obtained by considering jumps only showed a force distribution similar to the one obtained considering both jumps and tethers (Fig. S6) . This is the same when blocking different receptors MUC1 or CD43 or MUC1+CD43 (data not shown). The GMM analysis of the data obtained from jumps also showed a similar force range for nonspecific interactions and interactions of MUC1 and CD43 with ICAM-1 (Table S2) . It has been shown that interactions giving rise to force increase followed by jumps correspond to receptors anchored to the cytoskeleton, whereas force plateaus or tethers followed by rupture originate from receptors not or weakly attached to the actin cell cortex (28, 61) . This means that the relative presence of jumps and tethers in the rupture events can provide information regarding how tightly receptors are connected with the cytoskeleton (46, (64) (65) (66) . In our case, a detailed analysis on the number of jumps and tethers showed that MUC1 on J82 bladder cancer cell seems to be weakly connected to the cytoskeleton and that its interactions are mainly mediated through tethers. On the other hand, CD43 could be more closely linked to the cytoskeleton and associated with the early jumps obtained on the force curve.
The association of these ligands with the cytoskeleton was further studied after disruption of the actin cytoskeleton using Lat-A treatment on cancer cells (66, 67) . Analysis of the number of jumps and tethers showed a decrease in the number of jumps and an increase in the number of tethers after Lat-A treatment, as compared to the control (Fig. 7) . These results indicate that the disruption of actin cytoskeleton transforms some jumps (bonds connected to the cytoskeleton) to tethers, but probably not all. A GMM analysis was performed to study the influence of Lat-A on the links between the cytoskeleton and the molecules involved (CD43 and MUC1). Our results show that Lat-A treatment decreased the area and ratio of jumps for peak 2 showing that some of the CD43 molecules which were connected to cytoskeleton (and giving rise to jumps) were disrupted after the treatment.
Conclusions
To conclude, we showed that MUC1 and CD43 are two adhesive proteins expressed on BCs at different levels. Through adhesion assays and SCFS, we demonstrated that MUC1 and CD43 interact with endothelial ICAM-1 to mediate the adhesion of BCs to ECs. Combining SCFS measurements and GMM analysis, we showed that MUC1 interaction involves larger force levels than CD43, and that most of the MUC1 interactions are mediated through tethers. By analyzing the ratio of tethers and jumps that can be attributed to ICAM-1 interactions either with MUC1 or CD43, we concluded that most of the MUC1 molecules present on J82 bladder cancer cells were weakly connected to the cytoskeleton. The interactions with the cytoskeleton appear to be stronger for CD43, leading to jumps in the force curves. Experiments using the actin depolymerizing drug Lat-A confirmed this ligand differential association with the cytoskeleton.
Given the fact that the expressions of MUC1 and CD43 are also reported in many other cancer cells, we believe that our results will help understand the mechanisms occurring during early adhesion of cancer cells to the endothelium. It will be interesting to further study the involvement of these interactions in other processes, particularly tumor cell transmigration.
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